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ABSTRACT 

I 

I 
Cross-coupling between driven and sensed modes in a double modulation 
vibratory gyroscope is a known source of ze ro - ra t e  output, An experi-  
mental  double modulation vibratory gyroscope has ,  however, exhibited 
ze ro - ra t e  e r r o r  in excess  of that  attributable to  cross-coupling alone, 
This repor t  identifies additional major sources  of ze ro - ra t e  e r r o r  in 
this  gyroscope, 

-4s a first s tep  in the investigation a mathematical analysis  is  made of 
a square wave switching demodulator in  which distinct random noises 
a r e  simultaneously present  on both the input and reference signals,  these 
noises  being correlated.  General expressions for  the demodulator output 
autocorrelat ion function and power density spec t rum a r e  obtained under 
the assumption that the noises a r e  jointly Gaussian and subject only to 
the r e s t r i c t ion  that the re ference  signal-to-noise ra t io  ?> large.  

Suspected noise sources  and the mechanisms through which they a r e  
coupled into the signal processing electronics a r e  then postulated, and 
using the above analysis ,  the resultant ze ro - ra t e  output they would pro-  
duce is predicted.  This  study indicates that noise induced in the sensing 
element by mechanical vibration produced during double modulation con- 
s t i tutes  a second major  source of zero- ra te  e r r o r .  
that  demodulator re ference  signal noise does not produce significant z e r o -  
r a t e  output. 

The study a l s o  shows 

Finally,  the r e su l t s  of a n  experimental investigation of additional sources  
of z e r o - r a t e  output a r e  presented,  
section is a determination of the frequency spec t rum of the sensing 
e lement ' s  ze ro - ra t e  output before demodulation which pe rmi t s  confirm ~ 

The most important resu l t  of this  

a t  ion of analytical  predictions 
sources  of ze ro - ra t e  e r r o r ,  

and an exact identification of two additional 
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CHAPTER I 

INTRODUC TION 

A. BACKGROUND 

The Electronic Systems Laboratory at Massachusetts Institute of Tech- 

nology has  been investigating the use of double modulation as a means of 

reducing ze rz l - ra te  e r r n r  in vibratory drive, vibratory output gyroscopes. 

A major  source of zero- ra te  output in pract ical  vibratory gyroscopes is 

unavoidable cross-coupling between the driven and sensed vibrations 

caused by m a s s  unbalance, force unbalance, and other  imperfections.  

Double modulation, obtained by an  additional rotation o r  vibration of the 

sensing element, separa tes  the driven and sensed frequencies in such a 
manner  that non acceleration dependent cross-coupled vibrations a r e  not 

p re sen t  at the sensed frequency. Thus, in  theory,  a la rge  reduction in 

z e r o - r a t e  e r r o r  may be real ized with double modulation. 

An experimental  vibratory gyroscope capable of operation with o r  

without double modulation has  been constructed using a double tuning fork  

as the sensing element!* Double modulation is obtained by spinning the 

tuning fork  about a n  axis of symmetry in  the plane'of vibration of the 

tines. 

r a t e  e r r o r  by roughly a factor  of 100. 

contains substantial stochastic noise. A double modulation ze ro  - r a t e  

output of 60 e r u  

the accelerat ion of gravity, and could be predicted theoretically.  

Pre l iminary  resu l t s  indicate that double modulation reduces ze ro -  

However, the ze ro - ra t e  output now 

** 
was measured.  Of this amount only 40 e r u  was due to 

It is c l ea r  that  the ultimate source of the remaining stochastic ze ro -  

ra te  e r r o r  is  the random vibrational energy developed when the tuning 

fo rk  package is spun at the double modulationfrequency. 

reported herein was concerned with identifying the mechanism ( s )  by 

which this energy is introduced into the signal processing electronics  and 

determining both analytically and experimentally the resul tant  ze ro  - r a t e  

output noise produced. 

The r e sea rch  

* 
** Superscr ipts  r e fe r  to numbered i tems  in the Bibliography. 

An e r u  is an  ear th  r a t e  unit equal to an angular velocity of 15O/hour. 
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-2 - 
The analytical and experimental  p rcg ram to be descr ibed was 

completed in three  ma jo r  steps.  First, a fa i r ly  general  mathematical  

description of a c l a s s  of demodulators was obtained in  which cor re la ted  

random noise simultaneously cor rupts  both the input and reference signals. 

Next, probable noise sources  and coupling mechanisms were  postulated 

f o r  the experimental double modulation gyroscope and a semi-quantitative 

analogy between the preceeding analysis  and the gyroscope signal processing 

electronics  was developed which provided useful information on the 

effect of the postulated noise sources  on ze ro - ra t e  output. Finally, 

these last resul ts  se rved  as a guideline f o r  intelligent experimental  

investigation of the sources  of ze ro - ra t e  output in the actual  experimental  

device. 

B. EQUIPMENT DESCRIPTION 

The relationship between the tuning fork  package and the signal 

processing electronics i s  shown in Fig. 1. 1. 
maintained and stabilized by a closed-loop system consisting of an  amplif ier ,  

tuning fork drive coils,  the tuning fork,  and the reference signal pickup 

coils. 

t ransducer  which is supported by a high Q resonant suspension sys tem 

tuned to the sensed frequency, 

demodulated twice, f i rs t  with respect  to the tuning fork  frequency, ads 

and secondly with respec t  to the double modulation frequency, to 

obtain a signa.1 proportiona.1 to the applied angular ra te .  

Tuning fork  vibration i s  

Vibratory output of the tuning fork is sensed by a capacitive 

w . The vibration detector signal is 
S 

w m 

C. NOISE SOURCES 

F r o m  consideration of Fig. A .  1 there  appear  EO be two paths whereby 

the random vibrational energy of rotation is most easi ly  coupled into the 

signal processing chain. 

sensor  and the second is through the tuning fork  re ference  signal pickup 

coils. 

passes  through the resonant. suspension sys t em to the vibration detector 

where it is added to the des i red  signal. 

produced by random relative motion between the tuning fork t ines and the 

re ference  signal pickup coils and manifests  i tself  as a noise signal super -  

imposed upon the first  demodulator re ference  signal. 

One path is direct ly  through the output vibration 

In the first path noise f rom the double modulation ca r r i age  bearings 

h the second path noise is 

In the succeeding 



I .  

w > A  
Z O  nu 

n 
t 
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c) INPUT 
i(t) = A cos (od -am) t+  q(t) + 

r .ARROW BAN DPAS 
DIODE RING E l l  TCD 

OUTPUT 
' A -0°) 

+ & I C  

IDEAL MULTIPLIER 

INPUT 
i(t) = A cos (wd- w,)t + q(t) 

n(t) + q(t) are random noise 
signals 

0 UTP UT ,A +O(t) 

0 m 

N 0 N-LI NEAR AMPLl F 1 ER 

TI 
REFER EN C E 

R cos ( wdt + ed) + n(t) 

Fig. 1.2 Block Diagram of the First  Demodulator 

IIO 
IDEAL 

SYMMETRICAL 
LIMITER 

Fig. 1.3 Analytical Model of the First  Demodulator 
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analysis  only the above noise signals a r e  considered. 

however, that  they a r e  correlated.  

It is assumed,  

In view of the preceeding restr ic t ion it is seen that the second 

demodulator mere ly  pe r fo rms  the function of frequency t ranslat ion and 

dces not cf itself contribute to the zero- ra te  e r r o r ,  

analysis  will therefore  be concerned only with a description of signal 

processing up through the first demoduiator output. 

The following 

D. MODEL SELECTION 

The first demodulator, shown in Fig. 1. 2,uses a conventional diode 

A square wave switching voltage is obtained fo r  the ring configuration. 

diode ring by passing the sinusoidal re ference  signal through a highly non- 

l inear  amplifier.  A narrow bandpass f i l t e r  cen tered  at w follows 

the diodes. 
m 

The non-linear amplifier a c t s  like a symmetr ica l  limiter, while the 

diode ring pe r fo rms  the function of multiplication, F o r  purposes  of 

analysis  the non-linear amplifier and diode ring combination will be 

replaced with an ideal symmetr ica l  l imi t e r  and an ideal  mult ipl ier  

respectively as shown in Fig. 1. 3. 

validity of this model has  been obtained. 

Experimental  verification of the 
2 



CHAPTER I1 

DEMODULATOR ANALYSIS 

A. INTRODUCTION 

The analytical work presented in this r epor t  has  a two-fold purpose.  
mi ine  i i r b L  is to obtais a fairly general  mathematical  description of the 
output of a c l a s s  of demodulators represented by Fig. 1. 3 when co r re l a t ed  

random noise signals a r e  simultaneously present  on both the re ference  

and input signals 

explain the observed ze ro - ra t e  output of an  experimental  double 

modulation vibratory gyroscope. 

The second prwpose i s  to use the above analysis  to 

B. ANALYSIS 

A genera l  solution to the demodulator problem given a r b i t r a r y  s ta t i s t ics  

f o r  n( t )  and q( t )  is extremely difficult. If, however, the random var iab les  

are a s sumed  wide sense stationary and jointly Gausian, and if it is fu r the r  

a s sumed  that the reference signal-to-noise ra t io  is la rge ,  a relatively 

simple analysis  can  be accomplished in two steps.  

expression for  the l imi te r  output, y( t ) ,  is obtained in  t e r m s  of R( t )  and 

n(t) .  This y( t )  is then used to find the demodulator output, its auto-  

cor re la t ion  function and power density spectrum. 

above assumption l i e s  in the utility of the results obtained. 

First, a time domain 

Justification f o r  the 

As a pre l iminary  step in obtaining y( t )  it is instructive to find the 

limiter output f o r  a deterministic input. 

fami l ia r i ty  with l imi te r  action and thereby lead us  m o r e  direct ly  to the 

answer  in the stochastic case .  

This study will provide some init ial  

To this end le t  u s  find the l imiter  output when its input is 

where a <<1. Here w may be considered the des i red  r e fe rence  frequency, 

while w r ep resen t s  a "noise" frequency. Bd and 8 a r e  a r b i t r a r y  phase 

angles.  

instantaneous value of its envelope. 

d 

n n 
The l imi te r  output is obtained simply by dividing the input by the 

That is 

-7 -  
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Equation 2. 1 contains much useful information. 

the amplitude of the interfering signal is suppressed relative to the 

reference signal by a factor of two, the phase of both signals is undisturbed. 

Secondly, observe that the first significant c r o s s  -modulation t e r m  involves 

the second harmonic of the reference signal and not i t s  fundamental as one 

might first suspect. 

and the use  of tr igonometric identities. 

8, and On. 
The analysis  i s  easi ly  extended to include any number of additional small 

amplitude sinusoidal noise signals.  

noise amplitude i s  reduced by a fac tor  of two while the phase angle remains  

undi s to r ted. 

Notice first that though 

Equation 2. 1 was obtained directly by s e r i e s  expansion 

Nothing in the analysis  l imits  the fo rm 

The resu l t s  a r e  t rue  even if they a r e  random functions of t ime. 

As in the simple c a s e  above each 

The validity of Eq. 2. 1 has  been confirmed experimentaly using the 

actual f irst  demodulator of the experimental  gyroscope f o r  values of a 

c 0. 25. - - 
Turning now to the stochastic problem, a mathematical  expression 

f o r  those components of y(t)  which a r e  significant in the demodulation 

p rocess  i s  desired. 

function of the output of an ideal symmetr ica l  l imi t e r  given the input 

R cos  (adt t e,) t n(t), where n( t )  is a s ta t ionary ze ro  mean  Gausian random 

In Reference ( 2 )  it is shown that the autocorrelation 

I process  is 

[cos(adt t e ) t a(cos ant t en)] Am d 
Y ( t )  = 2 

A { l t a  t 2 a c o s  (ad-an)tt  ( e d -  m 

I where + n n ( ~ )  = autocorrelation function of n(t)  

= cos(o t t e  ) t2 a c o s ( o  t t e  - a cos [ ( 2 W d  - an)t (‘e, - en)] 
d d  n n  

t t e r m s  in higher powers of a. ( 2 -  1) 

M m . 2  

. .  
m=O k=O 

m t k  ODD 



-9 -  

Newman number 

1 for  m=O 

2 all other  m . 
' m  

The ccefficients h a r e  evaluated using the formula m k  

m! r [1 - m t k  4 u'k/2 

R where k), = re ference  signal-to-noise power rat io  

2 
u = variance of n( t )  

lF1 (a; p ;  - z )  = confluent hypergeometric function defined 
by the series 

Putting Eq. 2. 3 in 2. 2 and noting that +nn(0) k = uZk the total  average 
power in y( t )  becomes 

00 00 00 . 2  

m=O k=O m=O k=O 

m t k  odd m t k  odd 

2k&)m1F: [yk ; m t l ;  - (K) ] 
'm N . F  

k! (m!) m=O k=O 

m t k  odd 

Evaluation of the terms Pmk 3 shows that  f o r  re ference  signal-to-noise 

power ra t ios  of twenty o r  m o r e  the total  average  power in 

l i t t le e r r o r  by 
y(t) is given with 
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N 

m = l  

m odd 

this approximation improving rapidly with increasing reference signal-to- 

noise power ratio ( N  is a small number chosen such that PNo < Pol O r  Pzl) .  

It follows f rom Eq. 2. 5 that the autocorrelation function of y( t )  is given 

approximately by 

N 

m = l  

m odd ( 2 . 6 )  

and y ( t )  must  therefore  have the f o r m  

N 

Y(t) 1 2hm0 C O S  (mu d t t + m ) t hO1 n( t )  t 2h21 n( t )  cos(2wdt t 9 )  

m = l  

m odd (2 .7 )  

Setting the phase angle of the reference signal equal to z e r o  and recall ing 

the limiter properties derived f r o m  equation 1. 1, i t  is seen that the portion 

of y( t )  of importance in the demodulation p r o c e s s ' i s  simply 

Observe that as in the determinis t ic  ca se  the f irst  significant c r o s s -  

modulation t e rm involves the second harmonic of the r e fe rence  signal. 

amplitude ratios predicted by Eqs .  1. 1 and 1. 8 a r e  a l so  consistent.  

instance f o r  an  input signal-to-noise power ra t io  of twenty Eq. 2. 1 says  
1 

the output power ratio equals 4($ = 4 x 20 = 80 . Using Table 2. 1 

of r e fe rence  ( 2 )  it i s  seen that for  the s tochast ic  c a s e  

The 

F o r  
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5 0  

1 
= 80 

= 20 R 
(4 p 

Equation 2. 8 was derived using Gausian s ta t is t ics  for  n( t )  . Its 

c~nsistency with Zqz 2; 1; however, indicates that Eq. 2.8 is probably 

a good approximation to y(t)  fo r  many non-Gausian disturbances also.  

With a valid expression for  y(t) the demodulator output given the 

input A c o s ( o  - o )t t q( t )  is found to be d m  

t 2hl0q(t) cos  wdt t Ah n( t )  cos(od - o )t 
01  m 

t (hol t 2hZ1 cos  2wdt)q(t) n( t )  . ( 2 . 9 )  

The output autocorrelation function and power density spectrum follow directly 

f rom Eq. 2.9 and a r e  given below: 

and 
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It now remains to  apply Eqs. 2. 10 and 2. 11 to the experimental  double 

modulation vibratory gyroscope. 

Fig. 2.  1 represents  a reasonable model for  the gyroscope 's  signal processing 

system up through the f i r s t  demodulator output. Here H ( s )  is the resonant 

suspension system transfer  function, H2( s )  represents  the output f i l ter ,  

and H ( s )  and H ( s )  a r e  l inear f i l t e r s  which account f o r  the two different 

In light of the introductory discussion 

1 

~ 3 4 

. 2  

(2.11) 

where the symbol (::e) 

Eqs. 2.  10 and 2. 11 whose spectra  obviously fall outside the output f i l ter  

passband have been dropped. 

signifies the operation of convolution. T e r m s  in 

It should be noted that expressions 2. 10 and 2. 11 a r e  relatively 

simple because al l  c ross -cor re la t ion  functions of any two t e r m s  in Eq. 2. 9 
a r e  identically zero.  

the re ference  frequency a r e  not equal. The s teps  in the analysis of the 

more  common synchronous case  (i. e . ,  m -  
preceeding analysis, but one must  take c a r e  to include the now non-zero 

c r o s s  -correlation t e rms .  

This is t rue pr imar i ly  because the signal frequency and 

= 0)  a r e  identical to those of the 

C. APPLICATION 
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paths through which random vibrational energy p a s s e s  into the system. 

H (s) ,  H ( s ) ,  and n ( t )  a r e  not known. However, by making reasonable 3 4 
assumptions about their  nature an analysis may  be completed which will 

provide useful information about the effect of the postulated noise sources  

on ze ro - ra t e  output. 

are made:  

Consistent with this attitude the following assumptions 

(2. 12a) 

(2. 12b) 

(2. 12c) 

= 0 elsewhere 

Since the r e su l t s  will now be only approximate,  considerable simplification 

of the remaining calculations is obtained by replacing H1(s) and H2(s)  

with equivalent ideal  f i l t e r s  shown in  Fig. 2. 2. 

by the relationships:  
Equivalence is  he re  defined 

(2. 13a) 

(2.  13b) H l ( s )  H1(-s)ds = 21H1 (*jas)l 2 Awl 
- j  00 eq  

where the var ious t e r m s  a r e  defined in Fig. 2. 2. 
sys t em t r ans fe r  function is 

The resonant suspension 

K 

s t w  s t- 

H (s) = 
2 2 1 

QS S 

where Q = suspension system Quality fac tor  
S 

S 
w = suspension system resonant  frequency. 

Putting Eq. 2. 14 in 2. 15 one obtains 

8 
KQ 

2 H1 (*jus) = - 
W 
S eq 

(2.  14) 

(2 .152)  
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RESONANT SUSPENSION 
SYSTEM 

Ac cos 

A f 
I , 

+ t REFERENCE 

R COS (Wdt + ed) 

A, = amp. cross-coupled signal 

Fig. 2.1 Model of Gyroscope's Signal Processing System 

Fig. 2.2 Amplitude Response of Equivalent Filters 



0 
T r s  b1 = -- 

Qs 
(2 .  15b) 

F o r  the experimental  gyroscope the equivalent ideal f i l ter  for  H ( s )  

is simply 
2 

= 2lT (2.  16b) 

The use of ideal f i l t e rs  will cause little e r r o r  as long as Awl < Aw2, a 
condition which is fulfilled in the experimental apparatus.  

the var ious t e r m s  in Eqs. 2. 10 and 2. 11: 

Comparison of Figs. 1. 3 and 2. 1 yield the following relationships for  

(2. 17a) 

(2.  17b) 

Awl < ( w I  < a s  t - Awl 
2 for  w - - 

S 2 

= 0 elsewhere 
( 2. 17c) 

Awl < I W I  < w  4. - 2 w - -  
S S 

= 0 elsewhere (2 .  17d) 

The var ious power density spectra  of Eqs.  2. 11 a r e  shown in Figs. 2. 3 
* 

~~ ~~ 

9 
Spectra  which fall completely outside output f i l ter  passband a r e  not 
included in Fig .  2.4 .  
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. .  

- ws 

U 2  - 
2Wd + wm 

I 

ws w w + w  wm d d m  
2 

2 2 

KQ,PU~ 

ws 
T K 2 Q s p 2  ws ( 2 W d +  u 2  w, )z 7 

3 w m  Awl 
2 2 

- * K 2 P 2 Q S  [ 2wdu-wm 3' 
U s 3  

- 2 w s  Awl A w l  

2 2  
- - -  

Fig. 2.3 Power Spectra of Equation 1.1 1 
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and 2.4.  

all spec t ra  within the output f i l ter  passband each multiplied by the appropriate 

constants of Eq. 2. 11. 

The demodulator output power spectrum is simply the sum of 

The total average output power is 

( 2 .  18) 

The f i r s t  t e rm of Eq. 2. 18 represents the ze ro - ra t e  output power of the 

acceleration dependent c r o s s  -coupled signal. 

by the random noise in the vibration detector output. 

to the interaction of the reference signal noise, n(t) ,  with the reference 

and cross-coupled signals, and the fourth t e r m  i s  produced by the in te r -  

action of the vibration detector and reference signal noises. 

The second t e r m  is caused 

The third t e r m  is due 

In the experimental  gyroscope 2wd t w = 4500. Thus fo r  any m 
reasonable value of noise power 

2 
<< 1 0- - 

2 w  t w  d m  

Also for  reference signal-to-noise power rat ios  of 20 o r  more  

1 
2 h2 > 100(hO1 t - 

10 - 2 

(2.  19) 

(2. 20) 

F r o m  Eqs. 2. 19 and 2. 20 it is clear that the third and fourth t e r m s  of 

Eq. 2. 18 a r e  respectively at least  100 times smal le r  than the first and 
second t e rms .  

stochastic portions of the zero-rate  output a r e  comparable it appears  that  

only the f i r s t  two t e r m s  of Eq. 2. 18 contribute significantly to zero- ra te  

e r r o r .  

Since the observed magnitudes of the cross-coupled and 
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wm I 
I I l l  

wd+ws 

Fig. 2.4 Demodulator Output Spectra 
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The experimental  program to be described in the next chapter was 

aimed a t  determining the presence and magnitude of each t e r m  in Eq. 2. 18 

and thereby confirming the presence of the postulated noise sources .  

Fur ther  discussion of Eq. 2. 18 must  await the presentation of the 

experimental  r e  sult  s . 



CHAPTER 111 

EXPERIMENTAL RESULTS 

A. INTRODUCTION 

The major  experimental  effort was a imed a t  verifying the presence  of 

the two noise sources  postuiated i r i  Chap tc r  I. 

experiments  were  conducted. 

was placed in operation with i t s  noisy reference signal and a pure  

sinusoidal input 

were  then determined, 

vibration detector output spectrum with the tuning fork  package spinning 

and the tuning fork  off. 

Tn do this  two separa te  

In the first experiment the f i r s t  demodulator 

Cross  -modulation products in the output spec t rum 

The second consisted of m e a s w i n g  the 

B. VIBXATION DETECTOR NOISE 

As p a r t  of the continuing research  and concurrent  with the analytical  

work of this thesis ,  the original tapered ro l le r  bearings on the double 

modulation ca r r i age  were replaced with conical journal  bear ings in  o r d e r  

to evaluate the effect of the la t te r  on ze ro - ra t e  output. 

due to machining e r r o r s  and case  distortions produced by machining, the 

z e r o - r a t e  noise increased  by nearly a factor  of 1000 over  the levels  

c i ted in  Chapter I 

showed it to be r ich  in harmonics  of the spin frequency,  

conduct a meaningful experiment under these highly degraded conditions 

spin harmonics  had to be kept far from the suspension resonance.  

Unfortunately, 

A quick check of the vibration detector output spec t rum 

In o r d e r  to 

The spin frequency of the experimental  double modulation gyroscope 

i s  continuously variable over  a range of 5 - 50 cps .  

30 c p s  was chosen since it provided a wide symmetr ica l  sp read  of spin 

harmonics  about the suspension resonance of 314 cps,  while keeping 

vibrat ion detector saturation low 

Within this  range 

Figure 3 .  1 shows a block diagram of the experimental  set-up f o r  

determining the vibration detector output spectrum. 

osc i l la tor  was var ied  over  a range of 20 - 500 cps  

f a i r l y  uniform amplitude was observed up to about 300 cps  where the peak- 

to-peak amplitude began to r i s e .  

The re ference  

Random output of 

Concentrating on the frequency nea r  
\ 
1 

"I ,  1 - 
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VIBRATION 
DETECTOR 

1 I I i 

LOW PASS 

INPUT, DEMODULATOR - FILTER b 
OUTPUT TO 
RECORDER 

0.2cps 

VARIABLE FREQUENCY 
REFER ENC E 

VARl ABL E 
FREQUENCY 
OSCILLATOR 

Fig. 3.1 Experimental Set-up for Determining the 
Output Spectrum of the Vibration Detector 

suspension resonance, the reference osci l la tor  was swept s eve ra l  t imes  

frdm 310 to 318 cps  a t  a slow uniform ra t e  of approximately 0. 1 cps  

p e r  second. Two reco rds  typical of these sweeps a r e  shown in Fig. 3. 2. 

In each case,  as the suspension sys tem resonant frequency was approached 

the apparent frequency* of the random output decreased  rapidly while 

the d. c. level rose.  

the apparent frequency equaled the sweep ra te ,  indicating an essentially 

d. c .  output. Using ea r l i e r  calibration data the measured  d. c. level  

corresponds to approximately 1000 eru .  

As the reference osci l la tor  c r o s s e d  resonance 

Above 320 cps  random output fell  rapidly, reaching its low frequency 

amplitude at about 350 cps and falling to res idual  levels above 400 cps.  

In addition to the random output all harmonics  of the spin frequency 

up through the eleventh were  observed in  the vibration detector output 

spectrum. 

ra te  output due to c r o s s  coupling. 

At this point the tuning fork was energized to m e a s u r e  the ze ro -  

These data  a r e  given in Table 3. 1. 

* 
Apparent frequency as  used here  i s  equivalent to  the number of ze ro  
crossings per second. 
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Fig. 3.2 Frequency Sweep through Suspension System Resonance 
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Fr equenc y 

Table 3. 1 

Periodic Components of Vibration Detector Zero -Rate Output 

Amplitude (Relative Units):: 
1 

( C P S )  

30 

90 
120 

210 

240 

270 

300 

330 

328. 5 

Components of Vibration 
Detector Output Tuning Fork  Off 

4.0 

098 
1.0 

0.4 

0. 6 

4. 8 

4 . 0  

9 .6  

0.0 

I- 

Cro s s -Coupled 
Component 

.% 0,. 

1 Unit 1000 e ru  

Tuning Fork  On 

4.0 

0.8 

1.0  

0.4 

0.6 

4. 8 

4 .0  

9.6 

6 .  7 

C. REFERENCE SIGNAL NOISE 

Without double modulation the tuning fork  reference signal has  a 

peak-to-peak amplitude of 4 volts. 

showing the random fluctuations of the re ference  signal amplitude during 

double modulation. 

the uppermost portion of the reference signal appears  on the t race.  

These photographs show that the re ference  signal amplitude variation 

during double modulation r a re ly  exceeds five percent  of the single 

modulation amplitude. 

Figures  3. 3a and 3. 3b a r e  photographs 

The scale i s  0. 2 volts pe r  cent imeter  and only 

Because of this relatively small re ference  noise amplitude complete 

spec t ra l  analysis of the corrupted re ference  signal using the technique 

outlined in the preceeding section was not possible with available equipment. 

An est imate  of the noise power in the corrupted re ference  signal was 

obtained, however, by noting that as the reference signal-to -noise ratio 

decreases  the fundamental-to-second harmonic rat io  of the periodic portion 

of the reference signal increases .  Using Table 2. 2 of reference ( 2 )  the 
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1 20MSEC/CM 7 r 5 0 M S E C / C M  
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Fig. 3.3 Photographs of Reference Signal and Superposed Noise 

4.00 

3.75 

- 
0 
c3 

-c 
\ 

2- 3.5 0 
0 

0 

- 
- 
2 

3.25 

3.11 

I I I 1 1 I I I I ]  3.00 ' 
IO 2 0  30 

REFERENCE SIGNAL-TONOISE POWER RATIO 

Fig. 3.4 Plot of I hl&301 Versus Reference Signal-to-Noise Ratio 



ra t io  of h10 to h30 is plotted ve r sus  reference signal-to-noise power 

rat io  in F i g .  3. 4 .  

modulation i s  shown on Fig,  3. 4. 

The measured  amplitude rat io  during double 

It is seen that 

Since R = 2 we have that 

2 n J  
u = 0 . 0 2  

This resu l t  substantiates the assumption made in Chapter 111, viz;  

2 
< <  1 U 

2 0  d m  t o  ( 2 .  19) 

As a final step in data taking the f irst  demodulator was placed in 

normal  operation. 

modulator outputs were obtained at spin frequencies  of 30,40 and 45 CPS.  

These photographs a r e  shown in F ig ,  3, 5. 

the bearing change, is included for  comparison purposes .  

At 30 cps the democbilator output contains components due p r imar i ly  

Photographs of the vibration detector and f i rs t  de- 

Figure 3. 5d, taken p r i o r  to 

to c r o s s  coupling, the tenth and eleventh spin harmonics ,  and nar row 

band noise,  all of which a r e  approximately equal ( s ee  Table 3. 1) 

Ideally, the vibration detector output should have the waveform of a sinusoidally 

modulated suppressed c a r r i e r  signal. 

the actual  signal 

The lower t r ace  of Fig. 3. 5 a  shows 

As resonant 4 operation was approached the spin harmonics  also 

approached the suspensionsystem resonance and the vibration detector 

output rose  rapidly Here 

the eighth spin harmonic i s  320 cps and the c ross -coupled  signal falls on 

319 CpS 

output has  lost mos t  of i t s  random cha rac t e r .  

detector is saturated more  than half the t ime as indicated by the clipped 

Figure 3. 5b shows the condition at 40 cps  

Observe that these periodic components predominate and the 

Also note that the vibration 

-.- 

a d - a s  = a ' m 
* Resonant operation is defined as 



-27-  

4 L 2 0 M S E C / C M  

I 

FOR ALL PICTURES: 

UPPER TRACE- 1st DEMODULAR OUTPUT 
L 0 WE R TRACE - V I 8 RAT I 0 N DE T E CTO R 0 U TPU T 

Fig. 3.5 Output of Vibration Detector and First 
Demodulator During Double Modulation 
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t r ace .  

and the seventh spin harmonic coincide and both a r e  essentially equal 

to the suspension resonant frequency 

and the demodulator ou+-put i s  periodic a t  45 cps.  

demodulator output i s  caused by switching t ransients  in the diode ring 

and residual unbalance of the reference switching voltage. In normal  

operation this ripple is f i l tered out, ) 

Finally a t  45 cps the frequency of the cross-coupled .comp.onent 

The vibration detector is fully sa tura ted  

(The ripple on the 

'" CONCLUSIONS AND RECOMMENDATIONS 

At the present stage of development the major  sources  of ze ro - ra t e  

noise in the double modulation vibratory gyroscope in o r d e r  of importance 

a r e :  

1, Accrtleration dependent c r o s s  -coupling 

2. Spin frequency harmonics produced pr imar i ly  by double 
modulation ca r r l age  shaft run-out. 

Random vibrational energy produced by bearings and coupled 
into the vibration detector.  

Again f o r  the present  instrument ,  f irst  demodulator re ference  signal 

3. 

noise is not causing significant ze ro - ra t e  e r r o r .  

Methods of reducing the first Source of e r r o r  and ult lmate limits on 

its magnitude a r e  discussed elsewhere.  

increasing functions of the double modulation ca r r i age  vibration and the 

basic problem of reducing them i s  one of vibration reduction and vibration 

isolation, 

The second two sources  a r e  

The second source can be eliminated f r o m  the demodulator output 

"d by proper  selection of w w and w . F o r  the present  instrument  

1s approximately 360 cps a t  a spin frequency of 48 cps.  

suspension resonance, w to 312 cps  the important spin harmonics  

will fall a t  288 cps  and 336 cps  which a r e  *24 cps away f r o m  the suspension 

resonance.  

the suspension sys tem and can be eliminated with a na r row band-pass  

f i l t e r  a t  the demodulator output. 

d' s m 
Lowering the 

St 

The spin harmonics  will therefore  be great ly  attenuated by 

This step does not, however,  eliminate the spin harmonic which 

can still saturate the vibration detector o r  dr ive i t  out of its l inear  range 

And, of course,  the third source of noise still remains .  These two sources  

canonly be reduced by reducing the level of ca r r i age  vibration and the 
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amount of this vibration coupled into the output detector. 

P rope r  c a r e  in  machining and balancing, and the use  of precis ion ball  

bearings,  coupled with the change in w 

re turn  noise levels  to slightly below previous best  performance. 

and urn outlined above should 
S 

Fur ther  reduction is probably most profitably obtained by studying 

suspension schemes foi- the t i ;~ i=g  fork package which will provide 

additional vibration isolation in the 200 - 400 cps  range, and especially 

near  the suspension resonance. 
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